In the present study, we have investigated the role of tyrosine kinase activity during early retinal development in Xenopus laevis. The protein tyrosine kinase (PTK) inhibitors lavendustin A and genistein were used to determine the possible role of tyrosine kinase activity during retinal development in vivo and in vitro. Application of the inhibitors to early embryonic retina disrupted the pattern of lamination in the developing retina. The plexiform layers were severely disorganized or were no longer apparent, and photoreceptor morphogenesis was disrupted. Immunocytochemical analysis verified the presence of focal adhesions in dissociated retinal neuroepithelial cells isolated from St 25 embryos. Application of the PTK inhibitors blocked focal adhesion assembly in these primary cultured cells. To further investigate the regulation of focal adhesions by PTK activity, we examined the effect of lavendustin A on cultured XR1 glial cells. Lavendustin A produced a dose-dependent decrease in the proportion of XR1 cells displaying focal adhesions. Taken together, these results suggest that tyrosine kinase activity is essential for regulating neuroepithelial cell adhesion, migration and morphogenesis during retinal development. Furthermore, the disruption of retinal development may, in part, be due to the inhibition of integrin-mediated signaling. D
Introduction
During morphogenesis of the nervous system, migrating neurons and glia contact a variety of molecular cues that are thought to guide their development. Many of these molecules are attached to neighboring cell surfaces or are deposited within the surrounding extracellular matrix (ECM) (Howe et al., 1998; Venstrom and Reichardt, 1993) . Phosphorylation of proteins on tyrosine residues by receptor and nonreceptor protein tyrosine kinases (PTKs) appears to be a major intracellular signaling event that is required to translate these extracellular cues into meaningful signals that mediate cellular responses (Maness and Cox, 1992) . In the vertebrate visual system, phosphotyrosine is abundant in the process-rich layers of the embryonic retina and optic tract. Receptor and nonreceptor PTKs are also expressed in the developing visual system (Biscardi et al., 1991; Worley and Holt, 1996) . For example, nonreceptor PTKs including Src, FAK and Abl subfamilies are expressed in the brain as well as in the retina (Hens and DeSimone, 1995; Hoffmann, 1989; Ingraham et al., 1992; Sorge et al., 1984) . Nonreceptor PTKs transduce signals into the cells from integrin, cadherin and Ig-superfamily adhesion molecules that lack intrinsic tyrosine kinase activity.
Integrins are the major family of cell surface receptors for ECM components (Hynes, 1992) . Functional integrin receptors are composed of one a and one h subunit that are associated noncovalently to form a heterodimer. At least 18 a and 8 h subunits have thus far been identified in vertebrates, giving rise to 24 different integrin heterodimers (van der Flier and Sonnenberg, 2001) . h 1 integrins are the most prominent integrin subfamily, and the h 1 subunit can interact with 12 different a subunits to form functional receptors.
Integrin receptor binding with ECM ligands leads to the formation of focal adhesions in vitro. Focal adhesions are clustered integrins and associated proteins that link the ECM with the actin cytoskeleton (Clark and Brugge, 1995; Miyamoto et al., 1995) . The formation of focal adhesions is believed to play critical roles in stabilizing cell adhesion and regulating cell morphology and motility (Burridge et al., 1988; Hynes, 1992) . Furthermore, integrin binding to ECM can activate PTKs, such as FAK, Src and Ab1 family kinases, and stimulate an intracellular increase in tyrosine phosphorylation of focal adhesion proteins (Lewis et al., 1996; Wary et al., 1998) . The tyrosine phosphorylation of focal adhesion proteins regulates integrin-mediated adhesion and signal transduction pathways that are required for cellular functions (Chicurel et al., 1998; Giancotti and Ruoslahti, 1999; Kumar, 1998) . Inhibition of tyrosine kinase activity blocked focal adhesion formation providing further evidence for a role of tyrosine phosphorylation in the signal pathways mediated by integrin receptors (Folsom and Sakaguchi, 1997) .
Integrin-mediated adhesive interactions are intimately involved in cell migration, differentiation, neurite outgrowth and axon pathfinding during neural development (Baum and Garriga, 1997; Bradshaw et al., 1995; Georges-Labouesse et al., 1998; Jacques et al., 1998) . The vertebrate retina is an ideal model system to study cell -cell and cell -ECM interactions in the central nervous system due to its accessibility and well-organized laminar structure. h 1 integrins are developmentally regulated, and highly expressed in Müller glial cells and astrocytes during retinal development (Hering et al., 2000) . The XR1 glial cell line, derived from Xenopus retinal neuroepithelium, is a model cell system to investigate the mechanisms that regulate focal adhesion assembly in vitro Sakaguchi, 1997, 1999; Sakaguchi et al., 1989) . Tyrosine phosphorylation is one of the major factors mediating integrin affinity and focal adhesion formation, and is also a key step to initiating the signaling cascades that regulate cell behavior (Hughes and Pfaff, 1998) .
While it is clear that tyrosine kinase activity influences neurite outgrowth in vitro and in vivo (Menon and Zinn, 1998; Worley and Holt, 1996) , it is not known what role tyrosine kinases play during the development of the vertebrate retina. The present study is the first to test the hypothesis that protein tyrosine kinase activity is required for the normal development of the vertebrate retina and may be involved with neuroepithelial cell adhesion, cell migration, neural differentiation and synaptogenesis during retinal development. Lavendustin A and genistein, two protein tyrosine kinase inhibitors with broad specificity, affect the activities of many receptor and nonreceptor tyrosine kinases, but possess little effect on protein kinase A or C (Akiyama et al., 1987; Onoda et al., 1989) . We have applied lavendustin A and genistein to the optic vesicle of Xenopus embryos in vivo, as well as dissociated retinal neuroepithelial cells and retinal derived XR1 glial cells in vitro. In vivo analysis revealed that both lavendustin A and genistein treatment disrupted retinal lamination and photoreceptor morphogenesis. When compared with controls, the lavendustin A-and genistein-treated cells displayed a decrease in number of cells with focal adhesions. These results provide compelling evidence that protein tyrosine kinase activity plays a critical role during retinal development. Moreover, the mode of action of the PTK inhibitors may, in part, be due to disruption of integrin-mediated signaling.
Materials and methods

Animals
All animal procedures were carried out in accordance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research and had the approval of the Iowa State University Committee on Animal Care. Xenopus laevis frogs were obtained from a colony maintained at Iowa State University. Embryos were produced from human chorionic gonadotropin (Sigma Chemical Co., St. Louis, MO; unless otherwise stated, all reagents were purchased from Sigma) induced matings and were maintained in 10% Holtfreter's solution (37 mM NaCl, 0.5 mM MgSO 4 , 1 mM NaHCO 3 , 0.4 mM CaCl 2 and 0.4 mM KCl) at room temperature. Embryos were staged according to the normal Xenopus table of Nieuwkoop and Faber (1967) .
Protein tyrosine kinase inhibitors
The protein tyrosine kinase inhibitors, lavendustin A and genistein, were used to investigate a possible role of tyrosine kinase activity in retinal differentiation and morphogenesis. Stock solutions of lavendustin A and genistein (Calbiochem, La Jolla, CA) were prepared in dimethyl sulfoxide (DMSO) at 50 and 100 mM, respectively, and stored at À20jC. Lavendustin B and daidzein (Calbiochem), inactive analogs of lavendustin A and genistein, respectively, were used as controls and were diluted in the same fashion as the inhibitors. Inhibitors and control drugs were diluted to their final concentrations using Holtfreter's solution (for in vivo studies) or L15 culture media (for in vitro analysis).
Protein tyrosine kinase inhibitor studies: in vivo
Embryos between St 23 and 25 or at St 33 were anesthetized by immersion in 100% modified Ringer's solution (100 mm NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES) containing 1:10,000 MS222 (ethyl 3-aminobenzoate, methanesulfonic acid salt; Aldrich, Milwaukee, WI). The skin overlying the optic vesicle was carefully removed, and the embryos placed in Holtfreter's solution with 2.5 Ag/ml fungibact and 2.5 Ag/ml penicillin/ streptomycin in the presence of the PTK inhibitors (lavendustin A at 50 AM or genistein at 2.5 AM) or appropriate controls (inactive analogs at equal concentrations or vehicle) for 48 h in the dark.
Dissociated retinal cultures
Xenopus embryos at St 23-25 were dejellied and rinsed three times in Hanks Buffered Salt Solution (HBSS, 1.2 mM CaCl 2 , 5.37 mM KCl, 0.44 mM KH 2 PO 4 , 0.81 mM MgSO 4 Á7H 2 O, 0.23 mM Na 2 HPO 4 Á7H 2 O, 137 NaCl, 9.0 mM Dextrose, 0.04 mM Phenol Red) with 5.0 Ag/ml fungibact and 2.5 Ag/ml penicillin/streptomycin. Using sterile techniques, the overlying ectoderm was removed and the eye primordia dissected in HBSS. The dissected eye primordia were rinsed twice in HBSS and subsequently incubated with Ca/Mg-free Steinberg's solution (60 mM NaCl, 0.67 mM KCl, 10 mM HEPES and 0.4 mM EDTA, pH 7.5) for 15 min to facilitate dissociation. The eye primordia were dissociated by gentle trituratation using flame-pulled glass Pasteur pipettes and plated onto 12-mm detergent (RBS-35; Pierce, Rockford, IL)-washed glass coverslips (Fisher Scientific Co., Pittsburgh, PA) coated with 10 Ag/ml Entactin-Collagen IV-Laminin (ECL) substrate (Upstate Biotechnology Inc, Lake Placid, NY) in the same culture medium used for XR1 cells.
XR1 cell cultures
The XR1 cell line is an immortal glial cell line derived from Xenopus retinal neuroepithelium (Sakaguchi et al., 1989) . XR1 cells were grown in tissue culture flasks (Falcon, Becton Dickinson Labware, Franklin Lakes, NJ) in 60% L15 media containing 10% fetal bovine serum (Upstate Biotechnology Inc), 1% embryo extract (Sakaguchi et al., 1989) , 2.5 Ag/ml fungibact and 2.5 Ag/ml penicillin/streptomycin. For all experiments, XR1 cells were detached from subconfluent cultures by exposure to Hank's dissociation solution (5.37 mM KCl, 0.44 mM KH 2 PO 4 , 10.4 mM Na 2 HPO 4 , 137.9 mM NaCl, 9.0 mM D-glucose, 0.04 mM Phenol Red) supplemented with 2.5 Ag/ml fungibact, 2.5 Ag/ml penicillin/ streptomycin, 0.2 mg/ml EDTA and 0.5 Ag/ml trypsin. Detached cells were collected, pelleted by centrifugation, resuspended in culture media and seeded onto 12-mm glass coverslips coated with 10 Ag/ml ECL substrate. Cultures were grown at room temperature (approximately 24jC) until prepared for analysis.
Protein tyrosine kinase inhibitor studies: in vitro
Dissociated retinal neuroepithelial cells were cultured on ECL substrates for 4 h and then treated with lavendustin A, B, genistein or daidzein at 100 AM for 5 h and subsequently prepared for analysis of focal adhesions. To determine the role of tyrosine kinase activity in regulating the assembly of focal adhesions, lavendustin A was diluted to final concentrations of 20, 50, 100 or 250 AM and applied to the XR1 cultures after the cells were plated for 2 h. Lavendustin A at 100 AM was applied at 0.5, 1, 2, 6 or 24 h after plating. Control cultures received lavendustin B at the same concentrations or vehicle control media with no added drugs. The cultures were incubated for 5 h in the dark and subsequently rinsed in buffer and fixed with 4% paraformaldehyde for the analysis of focal adhesions. The concentration range and treatment duration for the inhibitors was chosen according to their potencies as reported (Bixby and Jhabvala, 1992; Miyamoto et al., 1995; Worley and Holt, 1996; Yap et al., 1994) . All studies using inhibitors were carried out blind to eliminate any experimental bias.
Immunohistochemistry
Xenopus embryos, larvae and cultured cells were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 24 h (animals) or 30 min (cultured cells). The animals were Phosphotyrosine-IR was detected in neuroepithelial cells, with strong immunoreactivity at the interface between the neuroepithelium and ectoderm (arrows, A). As retinal development continues, phosphotyrosine-IR was highly expressed in the OFL, IPL and OPL (C and D). Abbreviations: RPE, retina pigment epithelium; OS, outer segment of photoreceptors; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; OFL, optic fiber layer. Scale bar = 20 Am.
rinsed with buffer and cryoprotected in 30% sucrose in 0.1 M PO 4 buffer overnight and then frozen in OCT medium (Tissue-Tek, Sakura Finetek U.S.A., Inc. Torrance, CA). The frozen specimens were sectioned at 16 Am using a cryostat (Reichert HistoSTAT) and sections were mounted on Superfrost microscope slides (Fisher) . Tissue sections and cultures were rinsed in phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 8.1 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 ) and blocked in 5% goat serum supplemented with 0.2% BSA, 0.1% Triton X-100 in PBS. Primary antibodies were diluted in blocking solution and preparations incubated overnight at 4jC. On the following day, the preparations were rinsed with PBS and incubated with appropriate secondary antibodies conjugated to Alexa 488 or RITC for 90 min at room temperature and subsequently rinsed and mounted using Vectashield mounting media (Vector Labs, Burlingame, CA). The actin filaments in XR1 cells were visualized with rhodamine -phalloidin (1:300, 30 min, Molecular Probes, Eugene, OR) following the antibodylabeling procedures. As a control for double-labeling studies, single labeling was performed to rule out that similar patterns were not produced due to bleed-through and the other fluorescence channels were also examined to ensure that no bleed-through occurred. Negative controls were performed in parallel by omission of the primary or secondary antibodies. No immunoreactivity was observed in the controls. Tissue sections or cultured cells were examined using a Nikon Microphot-FXA photomicroscope (Nikon Inc. Garden City, NY) equipped with epifluorescence. Images were captured with a Kodak Megaplus CCD camera connected to a Perceptics Megagrabber framegrabber in a Macintosh computer (Apple Computer, Cupertino, CA) using NIH Image 1.58 VDM software (Wayne Rasband, National Institutes of Health, Bethesda, MD). Figures were prepared with Adobe Photoshop version 5.0 and Macromedia Freehand Version 9 for Macintosh. Final output was produced using a Tektronix Phaser continuous tone color printer (Tektronix, Beverton, OR).
Antibodies h 1 integrin receptors were identified using monoclonal antibody 8C8 purchased from the Developmental Studies Hybridoma Bank (diluted 1:10, DSHB, University of Iowa, Iowa City, IA) or rabbit anti-h 1 integrin antibody 3818 (obtained from K. Yamada, National Cancer Institute). Photoreceptors were identified using the anti-Xenopus photoreceptor antibody, XAP-1 (diluted 1:20, Sakaguchi et al., 1997) . Anti-synaptic vesicle protein, SV2 antibody, was purchased from DSHB (diluted 1: 20), anti-phosphotyrosine The inhibitors were applied to St 25 embryos and they were allowed to survive for 48 h to St 40. Immunohistochemistry was performed with SV2 antibody (A -C) and photoreceptor antibody, XAP-1 (D -F). The control, lavendustin B (LB)-treated retina displayed the same pattern (B and E) as the vehicle-treated retinas (A and D). In LA-treated retinas, the plexiform layers were no longer organized in a distinct IPL and OPL (C), and photoreceptor organization was severely disrupted (F). Abbreviations: RPE, retinal pigment epithelium; OS, outer segment of photoreceptors; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 20 Am. monoclonal antibody, 4G10, was purchased from Upstate Biotechnology Inc (diluted 1:100). Goat anti-mouse IgM or IgG secondary antibodies conjugated with RITC were purchased from Southern Biotechnology (Birmingham, AL) and Alexa 488 from Molecular Probes. The secondary antibodies were diluted to a final concentration of 1:200 with blocking solution.
Focal adhesion assay and cell area measurements XR1 glial cells were allowed to adhere to ECL-coated coverslips, exposed to inhibitors or control solutions, and fixed and processed for immunocytochemistry after defined time periods. Seventy-two microscope fields of 180 Â 140 Am were examined for identification of focal adhesions in each condition from cells prepared from three separate culturing sessions. In previous studies, we have identified focal adhesions on XR1 cells as streak-like patterns of immunoreactivity (IR) where h 1 integrins were colocalized with vinculin or phosphotyrosine-IR at the termini of Factin filaments (Folsom and Sakaguchi, 1997) . As such, in this communication, we have defined focal adhesions as discrete streaks of h 1 integrin-IR. In each field, cells were scored as positive if focal adhesions were present and negative if focal adhesions were absent. The proportion of cells displaying focal adhesions was calculated for each group. Cell area measurements were obtained from captured images by using NIH Image 1.58 VDM software. A distance of 100 Am was measured for calibration, and outlining the cell perimeter produced a calculation of cell area. Forty-four cells from 24 fields of 360 Â 280 Am were examined for each condition. Data were represented as mean F SEM and were analyzed using the Student's t test.
Results
Inhibition of tyrosine kinase activity disrupts retinal development in vivo
Nonreceptor tyrosine kinases are developmentally regulated during retinal morphogenesis (Ingraham et al., 1992; Sorge et al., 1984) . In the present study, we have mapped the distribution of phosphotyrosine proteins with an antiphosphotyrosine antibody during Xenopus retinal development. Phosphotyrosine-immunoreactivity (IR) was detected throughout the retinal neuroepithelium and overlying ectoderm at St 25, and was especially intense at the interface between the optic vesicle and ectoderm (Fig. 1A) . As the retina continues to develop, phosphotyrosine-IR was highly Fig. 3 . Fluorescence photomicrographs revealing the disruption of retinal lamination following treatment of Xenopus embryos with 2.5 AM genistein (GNS). The inhibitors were applied to St 25 embryos and they were allowed to survive for 48 h to St 40. Immunohistochemistry was performed with SV2 antibody (A -C) and photoreceptor antibody, XAP-1 (D -F). The control, daidzein (DZ)-treated retinas displayed the same pattern (B and E) as the vehicle-treated retinas (A and D). In genistein (GNS)-treated retinas, the plexiform layers were no longer organized into a distinct IPL and OPL (C), and photoreceptors were severely disrupted (F). Abbreviations: RPE, retina pigment epithelium; OS, outer segment of photoreceptors; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 20 Am.
expressed in the optic fiber layer (OFL) and the nascent inner plexiform layer (IPL) at St 37 (Fig. 1B) . In addition to the IPL and OFL, phosphotyrosine-IR was highly present in the outer plexiform layer (OPL) at St 40 and 47 (Figs. 1C and D) . Furthermore, the somata comprising the nuclear layers were also outlined with phosphotyrosine-IR (Figs. 1C  and D) . These results suggest the differential regulation of phosphorylation of tyrosine proteins during Xenopus retinal development.
To investigate the possibility that protein tyrosine kinases (PTKs) are important in regulating embryonic retinal development in vivo, we bath-applied two inhibitors of PTK activity, lavendustin A and genistein, directly to the optic vesicle beginning at St 23 to St 25. As controls, we bathapplied vehicle or lavendustin B or daidzein, the inactive analogs of lavendustin A and genistein, respectively. Genistein and lavendustin A are competitive inhibitors of adenosine triphosphate in the kinase reaction, with specific effects on PTK, but not on PKA or PKC. The exposed eye preparation, similar to the exposed brain preparation (Chien et al., 1993; McFarlane et al., 1995; Worley and Holt, 1996) , permits direct access of reagents to the optic vesicle during eye morphogenesis. At this stage of development, the eye is a relatively undifferentiated neuroepithelium. Embryos were incubated in the presence of the inhibitors, or control drugs, until St 40 at which time the retina is normally well differentiated, exhibiting its distinct laminar organization.
Embryos incubated with the inhibitors appeared healthy and developed at a normal rate when compared to control embryos. However, those eyes exposed to the PTK inhibitors displayed severe defects in the pattern of retinal lamination. Retinal histogenesis was analyzed with antisynaptic vesicle protein (SV2) and anti-photoreceptor protein antibodies (XAP-1). Synaptic vesicle protein SV2 is a transmembrane transporter in the vesicle and dominantly associated at the nerve terminal (Feany et al., 1992) . In control-treated retinas (vehicle and lavendustin B), SV2-IR clearly demarcated the OPL and IPL ( Figs. 2A  and B) . In striking contrast, in lavendustin A-treated eyes, SV2-IR was observed scattered throughout the retina rather than localized to discrete layers (Fig. 2C) . Moreover, the pattern of photoreceptors was severely disrupted in the lavendustin A-treated retinas when compared with control retinas (Figs. 2D -F) . XAP-1 protein correlates with outer segment assembly of photoreceptors (Wohabrebbi et al., 2002) . In control-treated retinas, XAP-1-IR was localized to a continuous and discrete band demarcating the photoreceptor outer segments (Figs. 2D and E) . Although XAP-1-IR was localized to the outer retina, the labeling was discontinuous and patchy in the inhibitortreated eyes (Fig. 2F) .
Genistein was also applied to optic vesicles to confirm that the disruption of retinal development was due to the inhibition of tyrosine kinase activity. Treatment of the optic vesicles with genistein also produced severe disruption of retinal lamination and photoreceptor differentiation (Fig. 3) .
In contrast to the controls (Figs. 3A and B) , in the genisteintreated retinas, SV2-IR was located predominantly in the outer half of the retina but failed to localize to a discrete OPL or IPL (Fig. 3C) . Furthermore, analysis of photoreceptors showed that the normal pattern of XAP-1-IR was severely disrupted, with sparse IR in the outer retina in the genistein-treated embryos (Fig. 3F) .
Although severe defects in retinal lamination were observed in the PTK inhibitor-treated animals, there were no obvious deleterious effects on general development, since the embryos themselves appeared to develop normally. In addition, when the inhibitors lavendustin A or genistein were applied to older embryos beginning at St 33/34 for 24 h (to St 40), the lamination of the retinas were not affected, and the retinas appeared indistinguishable from controls (Fig. 4) . This result is consistent with the study by Worley and Holt (1996) in which they treated older embryos (St 32 Xenopus) with PTK inhibitors and observed little apparent effect on eye development. How- ever, their analysis focused on the formation of the retinotectal projection. Thus, our results indicate that tyrosine kinase activity was essential for neuroepithelial cells in neurite outgrowth and photoreceptor morphogenesis during early retinal development. Furthermore, there appears to be a critical period when tyrosine kinase activity is essential for the normal development of the retina. In addition, the disruption in the patterning of the developing retina was not due to nonspecific drug cytotoxicity.
Inhibition of PTK activity alters the expression pattern of phosphotyrosine and b 1 integrins
Our results demonstrate an important role for tyrosine kinase activity during early retinal development. To investigate possible changes in the pattern of phosphotyrosine protein expression in the inhibitor-treated retinas, we labeled retinas with anti-phosphotyrosine antibody. In the control, lavendustin B-and daidzein-treated retinas, phosphotyrosine-IR was expressed in all retinal cells, and clearly outlined the somata in the nuclear layers, and was intense in the OPL, IPL and OFL (Figs. 5A and C) . In contrast, the pattern of phosphotyrosine-IR in the inhibitor-treated retinas was disrupted and the IR was no longer prevalent in distinct inner and outer plexiform layers (Figs. 5B and D) . The phosphotyrosine expression pattern was altered by the PTK inhibitor treatment. h 1 integrins have been shown to be vital for glial cell attachment and spreading on ECM substrates (Sakaguchi and Radke, 1996) . h 1 integrins are highly expressed in the Fig. 5 . Fluorescence photomicrographs revealing the disruption of the pattern of phosphotyrosine-, h 1 integrin-and GFAP-IRs in the retina following treatment of Xenopus embryos with 50 AM lavendustin A and 2.5 AM genistein. The inhibitors were applied to St 23 -25 embryos and they were allowed to survive for 48 h to St 40. Immunohistochemistry was performed with phosphotyrosine (A -D), h 1 integrin (E -H) and GFAP (I -L) antibodies. Abbreviations: LA, lavendustin A; LB, lavendustin B; GNS, genistein; DZ, daidzein; P-Tyr, phosphotyrosine; GFAP, glial fibrillary acidic protein; RPE, retina pigment epithelium; NR, neural retina; OS, outer segments of photoreceptors; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; OFL, optic fiber layer. Scale bar = 20 Am.
Müller glial cells in the developing Xenopus retina (Li and Sakaguchi, 2002) . We examined the expression pattern of h 1 integrins to determine if the pattern was altered in the PTK inhibitor-treated retinas. In the control retinas, h 1 integrin-IR was strongly expressed in astrocytes along the optic fiber layer (OFL) and in Müller cells, displaying a radially oriented pattern of IR (Figs. 5E and G) . In contrast, although h 1 integrin-IR was highly expressed in the inhibitor-treated retinas, no distinct radial pattern of organization was observed (Figs. 5F and H) .
The radially oriented Müller glial cells are likely to be involved in establishing and maintaining the columnar organization of the retina (Willbold and Layer, 1998) . To investigate if Müller cell differentiation was affected by inhibition of tyrosine kinase activity, we used anti-GFAP antibodies to label Xenopus retina Müller glial cells, as well as the astrocytes along the OFL. In normal, as well as in control-treated retinas, GFAP-IR was expressed in a regular pattern in the radially oriented Müller cells (Figs. 5I and K) . In contrast, GFAP-IR was disordered in the PTK inhibitortreated retinas (Figs. 5J and L) and it appeared that in some cases, the expression of GFAP in Müller cells was more intense within the PTK inhibitor-treated eyes (Fig. 5L) . The altered expression pattern of GFAP suggests that the cellcell and cell -ECM interactions were disrupted by the PTK inhibitors.
Retinal detachment from the retinal pigment epithelium (RPE) was frequently observed in the PTK inhibitor-treated eyes. Retinal detachment was observed in 7 of 9 lavendustin A-treated embryos, and in 11 of 12 genistein-treated embryos, while detachment was seldom observed in the untreated or control-treated eyes (1 out of 28 control treated eyes, chi-square analysis, P < 0.001). The retinal detachment was highly correlated with the disruption of the patterns of expression of phosphotyrosine-, h 1 integrinand GFAP-IRs in the inhibitor-treated retinas. It is possible that inhibition of tyrosine kinase activity may produce a decrease in adhesion of the neural retina to the RPE, or of these cells to the extracellular matrix in that region.
Regulation of focal adhesion assembly by tyrosine kinase activity in cultures of retinal neuroepithelial cells and XR1 retinal glial cells
To identify the signaling mechanisms through which inhibition of tyrosine kinase activity affected retinal development, a series of in vitro studies were carried out with cells isolated from the developing retina or with the XR1 retinal glial cell line. Tyrosine phosphorylation may be essential to focal adhesion assembly and integrin-mediated signal transduction (Romer et al., 1994) . It is likely that the interactions of integrin receptors with the ECM activate tyrosine kinases and mediate cell adhesion in the developing retina. In our previous studies, focal adhesions on cultured cells were identified based on the discrete, streak-like patterns of h 1 integrin-IR and phosphotyrosine-IR (Folsom and Sakaguchi, 1997) . To determine if retinal neuroepithelial cells were capable of forming focal adhesions in culture, optic vesicles were dissected, dissociated, cultured for 9 h and subsequently stained with anti-h 1 integrin and phosphotyrosine antibodies. At the time of culturing, the St 23-25 eyebud is an optic vesicle consisting of undifferentiated neuroepithelial cells. Cells dissociated from the optic vesicle often had elongated and flattened morphologies. As illustrated in Fig. 6 , focal adhesions were observed in the cultured retinal neuroepithelial cells as streaks of h 1 integrin-and phosphotyrosine-IR (Figs. 6A -D) . The protein tyrosine kinase inhibitors lavendustin A and genistein were used to determine if the focal adhesions observed on the primary retinal neuroepithelial cultures were susceptible to tyrosine kinase inhibition. We observed that inhibitor-treated neuroepithelial cells displayed fewer focal adhesions (Figs. 6E -H) .
To more carefully investigate the regulation of focal adhesions by tyrosine kinase activity, we used the retinal derived XR1 glial cell line as an in vitro model system (Folsom and Sakaguchi, 1997; Henderson and Sakaguchi, 1993; Sakaguchi et al., 1989) . Lavendustin A was applied to XR1 cells and control cultures received lavendustin B, an inactive analog, or vehicle solution (DMSO) in culture media. Cultures that received lavendustin B resembled vehicle control cultures, with h 1 integrin-IR and phosphotyrosine-IR in their characteristic discrete streak-like focal adhesion patterns (Figs. 7A and C) . In contrast, XR1 cells treated with lavendustin A, in general, failed to form focal adhesions (Figs. 7D and F) . No change in the proportion of cells displaying focal adhesions was observed in control cultures, whereas cultures treated with lavendustin A displayed a dose-dependent reduction in the proportion of cells with focal adhesions (Fig. 8A) . The reduction was significant when the XR1 cells were incubated with 100 and 250 AM lavendustin A (Fig. 8A , P < 0.05). To observe the cytoskeletal organization in the XR1 cells, the F-actin filaments were visualized with rhodamine -phalloidin. In the control cultures, the phalloidin staining revealed well-organized actin cytoskeleton in the XR1 cells (Fig.  7B) . However, in the lavendustin A-treated cells that failed to exhibit focal adhesions, the F-actin cytoskeleton was severely disorganized (Fig. 7E) . These results suggest that the inhibition of tyrosine phosphorylation in XR1 cells by the tyrosine kinase inhibitor, lavendustin A, was effective in disrupting focal adhesion formation mediated by h 1 integrins.
To investigate how tyrosine activity regulates the assembly of focal adhesions in XR1 glial cells, the cells were subjected to lavendustin A or B at varying time points (0.5, 1, 2 or 6 h) after plating. In the control cultures, the proportion of cells displaying focal adhesions increased with each successive time point. Similar to controls, the lavendustin A-treated cultures displayed an increasing proportion of cells with focal adhesions over time, but there was a significantly lower proportion of cells displaying focal adhesions at 0.5, 1 and 2 h time points when compared with the controls (Fig. 8B , P < 0.05). Treatment with lavendustin A after 6 h in culture resulted in no significant difference with the controls (Fig. 8B) . Furthermore, no significant difference was obtained when the drugs were applied after the cells were plated for 24 h (data not shown). XR1 focal adhesions appear to be well formed and stable after 6 h, and thus resistant to inhibitor treatment. Tyrosine kinase activity appears to be necessary for the initial formation of focal adhesions, but seems to be less crucial to the maintenance of focal adhesions.
In addition to the decreased proportion of cells displaying focal adhesions, many XR1 cells that were subjected to the lavendustin A treatment exhibited a round-or spindleshaped morphology, rather than their usual flattened morphology as in the control cultures. Cell area measurements revealed a significant decrease in the average XR1 cell area following treatment with lavendustin A at 100 AM (Fig. 8C , P < 0.05). These results indicate that tyrosine kinase activity appears to be involved in regulating cell spreading on ECM substrates. These results using lavendustin A are consistent with our previous studies using genistein, another tyrosine kinase inhibitor (Folsom and Sakaguchi, 1997) . Thus, the inhibition of focal adhesion assembly and cell spreading by lavendustin A and genistein indicates that tyrosine kinase activity is intimately involved in integrin-mediated cell -ECM interactions.
Discussion
This study is the first to investigate the possible role of tyrosine kinase activity during retinal development in vivo and in vitro using inhibitors of PTKs, lavendustin A and genistein. We found that inhibition of tyrosine kinase activity with lavendustin A or genistein disrupted the establishment of retinal lamination and also affected photoreceptor differentiation during early retinal development. These results suggest that tyrosine phosphorylation is necessary to regulate neuroepithelial cell migration, cell differentiation and neurite outgrowth during retinal development. Focal adhesions were identified in primary cultures of retinal neuroepithelial cells and application of the PTK inhibitors to these cultures blocked focal adhesion assembly. Application of lavendustin A to Xenopus XR1 glial cells produced a dose-dependent decrease in the proportion of XR1 cells displaying focal adhesions. A strong correlation exists between the disruption of retinal development and the disruption of focal adhesion formation in retinal cells. This suggests that the disruption of retinal development may, in part, be due to the inhibition of integrin-mediated adhesion and signaling.
Lavendustin A and genistein are considered to be broadspectrum protein tyrosine kinase inhibitors, affecting the activities of many receptor and nonreceptor tyrosine kinases in vitro, including Src, Yes, the PDGFR and EGFR, but with trivial effects on protein kinase A or C (Akiyama et al., 1987; Onoda et al., 1989) . Both are competitive inhibitors of ATP in the reaction, but noncompetitive with the protein substrates. The inactive analogs of lavendustin A and genistein, lavendustin B and daidzein, respectively, were used as controls. The drugs were dissolved in DMSO, and DMSO has been found to stimulate tyrosine phosphorylation (Earp et al., 1983) . Thus, control cultures received either lavendustin B, daidzein, or vehicle DMSO, at the same concentration as the drugs. The controls displayed no obvious effects, while both lavendustin A and genistein produced similar defects in our in vitro and in vivo studies, providing evidence that the blocking of focal adhesion formation and the disruption in retinal development was specific and due to the inhibition of tyrosine kinase activities.
The PTK inhibitor treatment decreased focal adhesion formation in cultured retinal neuroepithelial cells and XR1 retinal glial cells. This was indicated not only in the decreased proportion of cells displaying focal adhesions but also in the smaller size and the fewer number of the focal adhesions in the inhibitor-treated cells compared to that in the controls. The PTK inhibitors disrupted the actin cytoskeletal organization and cell spreading, which are essential for cell migration and neurite outgrowth in the developing retina. However, these inhibitors of tyrosine kinase activity do not completely disrupt focal adhesion formation in XR1 glial cells, suggesting that multiple factors such as protein kinase C and/or Rho may also be involved in regulating focal adhesion assembly (Crowley and Horwitz, 1995; Defilippi et al., 1995; Yap et al., 1994) .
The developing retinas seem more sensitive to PTK inhibitors than the cultured cells. Focal adhesions, characteristic of strong adhesion, are observed in cultured cells that are constrained on two-dimensional substrates. In vivo cells are less likely to form focal adhesions due to the threedimensional environment. Moreover, the developing cells are most likely in a dynamic adaptive state of intermediate cell adhesion. h 1 integrin and phosphotyrosine proteins have been shown to display a general diffuse distribution in the developing retina (Li and Sakaguchi, 2002) . The early retinas of St 23-25 embryos were sensitive to PTK inhibitors, but the retinas of St 32 -34 were not, indicating an important critical period, during which cell migration, differentiation and neurite outgrowth have begun and the tyrosine kinase activity is necessary to these cellular behaviors. Coincidentally in the cultures, focal adhesion formation was most significantly inhibited when the inhibitors were applied shortly after plating. It appears that the PTK activity is critical to the initial stage of adhesion.
Recent studies provide additional insight into the signaling pathways activated by integrin adhesion receptors. Integrin receptor binding to ECM and clustering leads to the formation of focal adhesions and the activation of multiple signaling pathways (Critchley, 2000; Giancotti and Ruoslahti, 1999) . Integrins activate protein tyrosine kinases, including FAK, Src family kinase and Abl, and increase tyrosine phosphorylation of focal adhesion associated proteins. Thus, integrin-mediated signaling cooperates and integrates with other signaling pathways to regulate cellular processes including gene expression, cell cycle control and cell survival (Giancotti and Ruoslahti, 1999) . Although the treated embryos appear to develop normally, it is difficult to exclude that other signaling pathways may be affected by the PTK inhibitors.
The in vitro analyses indicate that tyrosine kinase activity is involved in integrin-mediated adhesion and signaling. At least eight integrin subunits have been identified to be highly expressed in the developing retina and they may play vital roles in regulating cell migration, determination of cell fate, neurite outgrowth and synaptogenesis (Clegg et al., 2000) . When the tyrosine kinase inhibitors were applied to Xenopus retinas, it is likely that integrin-mediated protein tyrosine kinase activity was inhibited. The plexiform layers failed to form in the inhibitor-treated retinas and therefore it is likely that neurite outgrowth was inhibited. This is consistent with the results of Worley and Holt (1996) in which lavendustin A inhibited axon extension through the embryonic optic tract and reduced neurite outgrowth in Xenopus retinal cultures. There are similarities in the phenotypes produced by the inhibition of tyrosine kinase activity and by blocking integrin function in the retina. Expression of chimeric h 1 integrin in Xenopus embryos impaired the outgrowth of axons and dendrites from retinal ganglion cells (Lilienbaum et al., 1995) . Functionally, h 1 integrins have been implicated in mediating neurite outgrowth during retinal development and regeneration (Sakaguchi and Radke, 1996) . Another possible effect is the inhibition of retinal cell migration from the ventricular border to the vitreal border by PTK inhibitors. This effect may be similar to that produced by inhibition of integrin function with blocking antibodies (Cann et al., 1996) .
The expression pattern of phosphotyrosine proteins and h 1 integrins was severely altered, and the detachment of neural retina from the RPE frequently occurred in the inhibitor-treated retinas. It is likely that the expression pattern changes are due to the structural changes caused by the PTK inhibitor treatment. Whereas, the retinal detachment caused by lavendustin A and genistein treatment is likely due to the decrease of phosphorylation of intracellular proteins that results in the decrease of adhesion, including integrin binding to their appropriate substrates. Normal photoreceptor development and function rely on the intimate association between the outer segments with the RPE in the region of the interphotoreceptor matrix (Libby et al., 2000) . Retinal detachment is one of the important causes leading to photoreceptor degeneration (Guerin et al., 1993) . The blockage of photoreceptor inner and outer segment assembly is likely due to retinal detachment or directly due to the inhibition of PTK activity that can be initiated by extracellular signals including integrinmediated adhesion. In addition, GFAP expression appeared to be upregulated in Müller glial cells in some cases. The increase of GFAP expression is a sign of reactive glia that protect the retina from disruption of cell-cell and cell -ECM interactions (de Raad et al., 1996) . The radially oriented Müller glial cells have been hypothesized to be involved in organizing and maintaining the columnar organization of the retina (Willbold and Layer, 1998) . Numerous studies indicate that retinal Müller cells may protect photoreceptors and ganglion cells from stress stimuli, which can induce dramatic upregulation of GFAP in retinal Müller cells (Chu et al., 1998; de Raad et al., 1996; Lewis et al., 1994; Peterson et al., 2000) . The defects observed in treated retinas indicate that the PTK inhibitors disrupted cell -cell and cell -ECM interactions. PTK inhibition causes defects on cell adhesion, Müller cell organization, photoreceptor differentiation and retinal lamination, but it is unlikely that the disruption of retinal lamination results solely from the effects on Müller cells. The disruption of cell adhesion and adhesion signaling may account for a part of all the effects on retinal morphogenesis. The possible disruption of other signal transduction pathways remains to be evaluated.
It is likely that integrin-mediated adhesion activates tyrosine kinase activity in vivo, as in vitro, and regulates a variety of cellular processes. Many extracellular and intracellular signals contribute to retinal development (Clegg et al., 2000) . Our studies indicate that inhibition of tyrosine kinase activity blocked focal adhesion formation in retinal cells in vitro and disrupted normal retinal development in vivo. These results provide compelling evidence that tyrosine kinase activity plays an essential role for neuroepithelial cell adhesion, differentiation and neurite outgrowth during retinal development, and that integrin-mediated adhesion and signaling may be integrally involved in these cellular processes.
